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ABSTRACT

Stricter regulations and ambitious targets regarding air
emissions from ships have led the shipping industry to a tip-
ping point necessitating disruptive technologies for green and
ecological operation. This study introduces a dual-fuel engine
innovation with high energy conversion efficiency, thereby reduc-
ing exhaust gas emissions. However, the total cost performance
of such an innovation throughout its long lifespan can be a mat-
ter of concern for decision makers (i.e. ship owners) if they
decide to retrofit their existing fleet. The purpose of this study
is to provide insights into the economic performance of such an
innovative dual-fuel engine when it is utilized as the main propul-
sion system. From a cradle-to-grave perspective ranging from
construction, operation, maintenance to end-of-life, the life-cycle
costing (LCC) framework is proposed to evaluate the long-term
cost performance of the dual-fuel engine with that of a conven-
tional diesel engine. By using the net present cost (NPC) as an
evaluation indicator, the research results reveal that the dual-fuel
engine is considered as a cost-effective option except for the high
fuel price differential scenario, meaning that fuel prices are the
most critical factor for ship owners. In addition, the environ-
mental impact of these engines is included in the evaluation to
show that 33% reduction in emissions of carbon dioxide (CO>)
can be achieved when running the dual-fuel engine, compared
to the diesel engine. The proposed framework could conceivably
be beneficial in selecting marine engine innovation that takes
not only the environmental impact but also the economic perfor-
mance into consideration.

Keywords: life-cycle cost analysis, dual-fuel marine engine,
net present cost, CO, emissions.

1. INTRODUCTION

Over the past decades, the growth of international trade and
global economy would not have been possible without shipping
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playing a prominent role. However, the shipping industry is
dealing with a climate change reckoning. During the period
from 2012 to 2018, the total greenhouse gas emissions (GHG)
of shipping rose by approximately 10% [1]. Furthermore, it is
responsible for emitting roughly 1 billion metric tons of carbon
dioxide (CO,) annually - that is the equivalent of the annual CO,
emissions of Japan [2]. The industry is striving to eliminate
these emissions by 2050 in order to be consistent with the Paris
climate agreement’s 1.5°C global warming goal. In this regard,
the International Maritime Organization (IMO) set out a target,
within the Initial Strategy, with a view of cutting the total annual
GHG emissions from international shipping at least in half by
2050, while reducing CO, emissions intensity by at least 40% by
2030, and pursuing efforts towards 70% by 2050, compared to
2008 levels [3]. On a regional level, the European Commission
(EU) has published several legislative proposals, namely Fit for
55, which sets a target of reducing its GHG emissions by at least
55% by 2030, compared to 1990 levels [4]. One of the most
striking consequences within these proposals is the expansion of
the EU Emissions Trading System (ETS) to the maritime sector.
A new proposal under the ETS stipulates that by 2026 ship owners
have to buy emissions allowance for each metric ton of CO,
emissions reported from the current EU Monitoring, Reporting
and Verification (MRV) system. A proposed fuel mandate has
also been promoted by the EU on the use of zero or low-carbon
fuels in maritime transport [5].

The afore-mentioned patchwork of regulations is expected
to plot the industry’s course towards decarbonization. In order
to achieve this, there are several avenues: i) design measures,
ii) operational measures, iii) innovative emission reduction tech-
nologies, iv) the utilization of alternative low-carbon/ zero-carbon
fuels and v) a combination of these [6]. While the two former
have already been introduced under a pallet of regulations such
as the design indexes (i.e., the Energy Efficiency Design Index
- EEDI for new-built vessels and the Energy Efficiency Existing
Ship Index - EEXT for existing vessels), the operational indicator
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(i.e. the Carbon Intensity Indicator - CII) and the practical tool
(i.e. the enhanced Ship Energy Efficiency Management Plan -
SEEMP), the latter need sufficient regulatory and market incen-
tives. Furthermore, investments in these avenues are expensive,
with a study estimating that the total cost would be from $1.4 to
$1.9 trillion in order to fully decarbonise the international ship-
ping by 2050 [7]. Considering the IMO’s 2030 and 2050 targets
as well as the long lifespan of ships, this exerts intense pressure
for the industry to act as soon as possible.

In this respect, retrofitting existing vessels with innovative
emission reduction technologies has begun to gain momentum
within the shipping industry. Retrofitting, i.e., the installation
of state-of-the-art technologies on-boards ships, might provide a
viable solution for ship-owners to not only meet the regulations/
targets but also raise their fleet’s operational standards. The main
focus of this study is a high efficiency modern dual-fuel engine
which can be run in either liquid fuelled diesel mode or gas mode.
In the gas mode, benefiting from the lean-burn Otto principle, a
lean premixed air-gas mixture during the combustion process re-
sults in lower NOy emissions and improved efficiency. Along with
the use of a low-carbon fuel (i.e. liquefied natural gas (LNG)), the
performance benefits includes the environmental gains with the
reduction of exhaust gas emissions. However, the economic as-
pect is an important consideration that must be taken into account
if technological investments are made by ship-owners [8]. At this
point, the question arises as to how ship-owners can evaluate the
most cost-effective retrofitting investments that can achieve the
desired long-term service and meet the new environmental regu-
lations/ targets. Having the dual-fuel engine in mind, this study
aims to develop a life-cycle costing (LCC) framework that can be
served as a decision support tool for the benefits of the shipping
industry involved in retrofitting activities. This study proceeds
as follows: the literature review is followed by the methodology
where the proposed LCC framework is presented in detail. Af-
terwards, a case study with a focus on the economic comparison
between the dual-fuel engine and a conventional diesel engine is
demonstrated. In the end, the conclusion gives some concluding
remarks.

2. LITERATURE REVIEW

LCC s a cost projection technique that encompasses all costs
of a product that will incur throughout a cradle-to-grave perspec-
tive from its inception to its disposal. LCC has been deployed
since the 1960s when the U.S. Department of Defense developed
a formal analysis tool to improve its cost effectiveness [9]. From
the defence system, the application of LCC has been further ex-
panded to the industrial and consumer sectors. In the context of
the maritime research domain, it appears to be gaining popular-
ity, especially in transportation and logistic services [10]. It can
perceived that LCC has been developed towards a result of spe-
cific decision-making support applications. It has been used as a
single method or integrated with other methods such as life cycle
assessment (LCA) in order to assist decision-makers in making
investment decisions on technologies and ship systems. Integrat-
ing LCC with activity-based costing, [11] provides an effective
cost management method with an application for a platform sup-
ply vessel. [12] conducted a life-cycle cost analysis (LCCA) with

a view of sustainable development for the Norwegian fishing fleet.
[10] carried out a cost-effectiveness analysis to assess ballast wa-
ter treatment system alternatives for retrofitting purposes. A life
cycle and cost assessment framework was proposed for selecting
marine propulsion systems [13].

By using the LCC and the LCA methods, [14] developed a
life cycle emission inventory and evaluated the cost performance
of battery powered system on a catamaran ferry compared with
conventional diesel engines. [15] examined the benefits of apply-
ing solar panel systems on a short route ferry through life cycle
and economic assessment. Different design solutions for recre-
ation vessels were evaluated by combining the LCC and the LCA
methods [16]. [17] proposed an integrated approach where LCA
and LCC were combined for assessing various marine fuels and
engine system options for different Roll-on/ Roll-off (Ro-Ro) pas-
senger ferries. LCC was integrated into a life cycle performance
assessment tool for assessing the environmental and economic
performance of a ship over its life-cycle [18]. With a focus on
the maintenance phase, several studies applied the LCA and LCC
methods for the evaluation of ship hull maintenance [19], and
different ship propulsion layout solutions [20].

It is observed from the literature review that there has been
no uniform framework was identified among the LCC studies
and some of them have not taken the International Standard (i.e.
ISO1586-5) into consideration.

3. METHODOLOGY

Figure 1 depicts the proposed framework that encompasses
principles defined by the ISO LCC guidelines (ISO15686-5) [21]
coupled with the frameworks proposed by [12, 22, 23].

3.1 Problem definition

Before adopting an innovative emission reduction engine,
the cost performance of such an engine during its lifespan is
arousing the interest of shipowners. The objective of this study
is to compare the life-cycle cost performance of the dual-fuel
engine with that of a conventional diesel engine. The boundary
of this study is defined within the use of such engines as main
propulsion systems. The LCCA conducted in this study is from
both the manufacturer perspective (i.e. an engine manufacture)
and the user perspective (i.e. ship owners).

3.2 Breakdown analysis

A Cost Breakdown Structure (CBS) is established to provide
an overview of cost categories on different aggregation levels,
as demonstrated in Fig. 2. From a cradle-to-grave perspective,
the first level consists of the costs connected with four life-cycle
phases of an engine: construction, operation, maintenance and
end-of-life, following the ISO LCC guidelines (ISO1586-5) [21].
The second level provides details about different costs and factors
associated with each phase in the engine’s life-cycle.

3.2.1 Construction costs. The construction costs are de-
fined as the costs to assemble the engine before putting it into
initial service. In this respect, the Engine Breakdown Structure
(EBS) is devised to offer an schematic outline of the engine’s
main components and systems, as depicted in Table 1.
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3.2.2 Operation costs. The operation costs are connected
with the annual routine operations intended to run the engine. In
this study, the operation costs are the fuel costs (other non-fuel
operating costs are assumed to be the same irrespective of the
two engines). In order to obtain these costs, it is required to find
the annual fuel consumption (e.g., oil, gas or pilot consumption)
and the annual lubricant oil consumption (LOC) under different
engine modes and engine loads. For the diesel engine, the total
annual fuel oil consumption (FOC) and the total annual LOC can

TABLE 1: A general Engine Breakdown Structure (EBS) of a diesel
engine

2nd level 3rd level Cost

Engine Basement

Camshaft & Valve Mechanism

Fuel Injection System
Turbocharging & Scavenging System
Ancillary System

Automation System

Low-value Parts

Exhaust Gas Cleaning System”

Total

Main components &
systems

989K

* Selective Catalytic Reduction (SCR) technology for NOy re-
duction. The cost of the SCR was based on the International
Association for Catalytic Control of Ship Emissions to Air IACC-
SEA)

Unit K = 1000 €. Source: Wirtsila, IACCSEA

be obtained, as expressed in the following equations.

N

FOC = ZP,- x SFOC; x H; (1)
i=1
N

LOC = Z P; x SLOC; x H; )
i=1

where P is the power required for each engine mode [kW], SFOC
is the specific fuel oil consumption under specific engine output,
as the function of the engine load [g/kWh], SLOC is the specific
lubricant oil consumption under specific engine output [g/kWh],
H is the annual operating hours for each engine mode [hour/year],
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i refers to the i engine mode associated with the corresponding
engine load, N is the total number of engine modes.

As mentioned before, the dual-fuel engine can be run either
on diesel mode or gas mode. In the gas mode, it works based
on the lean-burn Otto principle, with a lean premixed air—gas
mixture in the combustion chamber. The lean burn combustion
process leads to lower NOx emissions and higher efficiency (i.e.
due to the higher compression ratio and optimized injection tim-
ing). The main fuel in the gas mode is LNG which is injected
into the engine at a low pressure condition. The lean air-gas
mixture is ignited by injecting a small amount of pilot diesel fuel
[24]. The total annual pilot fuel consumption (PFC) can be cal-
culated by adopting Eqn. (1). Similarly, the total annual fuel gas
consumption (FGC) can be determined by using the following
equation.

N
FGC = Z P; x SEFGC; x H; 3)
i=1

where SFGC is the specific fuel gas consumption under
specific engine output, as the function of the engine load [g/kWh].

In the diesel mode, it is a normal diesel engine, therefore the
total annual FOC can also be found by adopting Eqn. (1).

3.2.3 Maintenance costs. The maintenance costs include
the costs that are planned for repair as well as maintenance activ-
ities in periodic and major dry-docking manners. In this regard,
they can be divided into: 1) labor costs to do such activities and
2) part replacement costs when engine component’s parts are re-
placed as recommended by the engine manufacturer. In order
to obtain the labor costs, manpower from both personnel work-
ing on-board ships (i.e., Chief Engineers, Engine Officers) and
technical personnel from the engine manufacturer are taken into
consideration. For the part replacement costs, information from
the engine manufacturer is essential.

3.2.4 End-of-life cost. The end-of-life cost is the value of
the engine at the end of its life cycle. In this case, this is the
economic benefits since the engine will go through the disposal
and recycling process.

3.3 System and cost modelling

For the purpose of quantifying the cost categories under the
CBS, the system can be modelled from different perspectives,
such as availability, maintainability, logistics, risk, etc. Among
of these, availability and maintainability are regarded as the most
fundamental cost drivers in the LCCA [22]. It is also required
to choose a cost estimation model in the LCCA. In the literature,
four cost estimation models are commonly used as follows.

3.3.1 Analogous model. Thisis a case-based approach with
an assumption having similar costs among similar products. This
model is characterized by adjusting the cost of a similar product
with respect to the differences between it and the target product
[25]. The domain knowledge from experts is required to iden-
tify the similarities and differences between these two products.
Based on the historic cost data, the cost calculation can be ob-
tained with reasonable approximation within a minimum amount
of time [26].

3.3.2 Parametric model. The most important characteristic
of this model is the so-called "Cost Estimation Relationships"
(CERs) which is derived from the mathematical relationships
between the costs of a product and one or more of its parameters.
Such parameters are known as "Cost Drivers". One example of
the CERs establishment is the correlation between part size of
the product and the manufacturing costs. When the part size
increases, so does the manufacturing costs. Therefore, the part
costs can be predicted based on the part size. More cost drivers
can be used (e.g., size, weight) to establish different CERs within
one model and they are have impacts on the cost changes or at
least follow the cost trend. This model also depends on a historic
data source and it is not recommended to be used outside of
the data range. Moreover, it is not suited to depict technology
changes or altered system requirements [25, 26].

3.3.3 Engineering build-up model. The principle of the
bottom-up or the engineering build-up model is deriving the
product’s cost through summing up the costs of all the com-
ponent parts and tasks that are associated with the product. The
estimation of the product’s cost depends heavily upon a detailed
engineering analysis which requires an extensive amount of in-
formation regarding the design and configuration of the product’s
systems and accounting information for all material, equipment,
and labor [25]. Although this method requires a great number
of the product details, it provides a fairly understandable process
and it is regarded as the only one method that could be applied to
new products or technologies [26].

3.3.4 Accounting model. This model deals with cost man-
agement and accounting where the overhead costs are considered.
There are several versions of this model that are mentioned in the
literature: volume-based costing systems, unconventional costing
methods and modern cost management systems [11].

The current study develops the LCC model based on the en-
gineering build-up model. At some points, other models can be
combined, depending on the availability of reliable data through-
out different phases of the engine’s life-cycle.

3.4 Data collection

Since the engineering build-up model is selected for con-
ducting the LCCA in this study, the amount of data needed is
extensive. Data needed to perform the LCCA in this study can be
categorized into three main groups: company-based data source,
public database and indirectly derived data. Examples of these
data categories and their sources are demonstrated in Table 2.

3.5 Cost estimates

When deploying the LCC model, it is necessary to include
cost treatment considering the time value of money (i.e., dis-
counting and present value). They are key economic concepts in
LCC because the value of money today is not equal to the one
projected to be spent in the future. In order to account this, all
future costs should be transformed to present value costs with
the help of discounting. Discounting can be achieved by using a
discount rate chosen to represent the time value of money. The
formula of present value can be expressed as follows [31].

1

PV =FV
(I+r)n

“4)
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TABLE 2: Data categories and sources

Category Where to find?

Company-based data source
Construction costs From Engine Manufacturer
Operational profile From Engine Manufacturer
Engine technical data [27]
Maintenance schedule O&MMs
Engine materials From Engine Manufacturer
Engine weights Engine Product Guide [24, 28]

Disposal/ Recycling rate [29]
Public database

Marine fuel oils shipandbunker.com/prices

Wages ec.europa.eu/eurostat

Currency exchange rates xe.com/currencyconverter

Discount rate [30]

Indirectly derived data

Maintenance hour consumption  Questionnaires & Interviews

O&MMs: Operation & Maintenance Manuals

where PV is the present value of the cost or benefit [€], FV is
the future value of the cost or benefit [€], r is the discount rate
[%], n is the current time period in years.

Net present cost (NPC) is an indicator to be used to evaluate
the life cycle cost performances of the engines. In this respect,
the NPC is the summation of the present value of each cost that
will occur over the lifespan of the engines (i.e. from construction,
operation, maintenance and end-of-life), as expressed below.

NPC = PV(CST) + PV(OPR) + PV(MTN) — PV(EOL) (5)

where CST is the construction cost [€], OPR is the operation cost
[€], MTN is the maintenance cost [€], and EOL is the end-of-life
value [€].

3.6 Evaluation & reporting

General speaking, the engine with the lowest NPC is chosen
during the evaluation process. It is important to stress that this
may not be the case when other considerations are taken into
account. NPC can be served as a critical economic information
to the overall decision-making process, but it is not the sole
decision-making criterion. Another important decision-making
criterion is the environmental impact of such engines. Since the
main contributor in GHG emisions is CO,, the estimations of
the CO; emissions from these engines are also considered in the
evaluation process, as expressed in the following equation.

MCOZZFCXCF (6)

where Mco, is the annual amount of CO, emissions generated
from fuel combustion [Ton], FC is the annual fuel consumption
[Ton]. For the diesel engine, it is the annual FOC. For the dual-
fuel engine, it includes the annual FGC, FPC in the gas mode and
the annual FOC in the diesel mode, Cr is the carbon emission
conversion factor [t-CO,/t-Fuel].

Sensitivity analyses can also be performed during this pro-
cess to handle the uncertainty attached to the costs in the LCC
model. In this way, it is possible to investigate how variations
across a probable range of uncertainties can have an impact on
the relative merits of these engines. Such analyses can assist in
identifying cost drivers that have the biggest impacts to the LCC
model and how robust the model is. Several key assumptions that
can affect the uncertainties are fuel prices, type of fuel, engine
operating hours, discount rate, etc.

4. CASE STUDY

A case study comparing the life cycle cost of two main en-
gines is used as an exemplification for the application of the
proposed LCC framework. The case ship is a bulk carrier with
the deadweight of 7600 [Ton], and the Length-Over-All (LOA) of
112 [m]. The two engines with their specifications are presented
in Table 3. The analysis duration in this case study is 20 years.

TABLE 3: Specifications of two engines

Engine Diesel engine Dual-fuel engine
Cylinder configuration 81.32 8V31DF

No of cylinder 8 8

Cylinder bore 320 310

Power per cylinder 580 600

Power 4640 4800

RPM 750 750

Fuel type MGO ULSD (in diesel mode)

LNG (in gas mode)
MGO: Marine Gas Oil; ULSD: Ultra Low Sulphur Diesel

4.1 Construction costs

The construction costs for the diesel engine and the dual-fuel
engine are obtained by consulting with the engine manufacturer.
It is noted that the dual-fuel engine does not require the installa-
tion of the Selective Catalytic Reduction (SCR) system. These
construction costs (CST) are shown in Table 4.

TABLE 4: Construction costs (CST)

Engine
Construction cost 989K 1200K
Unit K = 1000 €; Source: Wirtsild

Diesel engine  Dual-fuel engine

4.2 Operation costs

The ship’s operational profile using the diesel engine is
demonstrated in Table 5. The engine load, as a percentage of
the maximum continuous rating (MCR) of the engine, varies un-
der different engine modes. Since the SFOC is described as a
function of the engine load; when the engine load changes, the
SFOC should be calibrated accordingly. This can be achieved by
interpolating or extrapolating the actual values with the reference
values. Table 6 presents the respective reference values for the
SFOC of the diesel engine [27]. The relationship between the

Copyright © 2022 by ASME


http://shipandbunker.com/prices
http://ec.europa.eu/eurostat
http://xe.com/currencyconverter/

TABLE 5: The case ship’s operational profile of the diesel engine

Operation Annual  Speed % Power  Engine SFOC Annual SLOC Annual
Mode Hrs [h]  [Knot] [kW] Load [%] [g/kWh] FOC [Ton] [g/kWh] LOC [Ton]
Port 1200 0 14% O 0 0 0 0
Manoeuvring 100 0 1%  846.7 18.2% 183.6 15.5 0.06 0.01
Engine Mode 1 300 18.1 3%  3139.6  67.7% 181.0 170.5 0.24 0.22
Engine Mode 2 7100 15.3 82% 17209 37.1% 182.6 2230.8 0.13 1.59

Total 8700 2416.8 1.81

engine load and the relative SFOC is depicted in Fig. 3. It is
desirable to maintain the engine loads around the point with the
lowest SFOC in order to reduce the fuel oil consumption and
optimize the engine performance. The total annual FOC, LOC
of the diesel engine can be determined by using Eqn. (1) and
Eqn. (2) respectively, as shown in Table 5.

TABLE 6: Reference values for the SFOC & SLOC of the diesel en-
gine

Engine Load [%] SFOC [g/kWh] SLOC [g/kWh]

100 184.7 0.35
85 181

75 180.6

50 181.9

185
184.5
184
183.5
183
182.5
182

SFOC [g/kWh]

1815
181
180.5

180
0 20 40 60 80 100 120

Engine load [%]

FIGURE 3: SFOC-engine load relation curve of the diesel engine

The same operational profile can be applied to the dual-fuel
engine with an assumption that it is running on Ultra Low Sulphur
Diesel (ULSD) in the diesel mode, i.e. in "Manoeuvring" and
LNG in the gas mode, i.e., in "Engine Mode 1" and "Engine
Mode 2", as demonstrated in Table 7. In the diesel mode, the
calculations for the total annual FOC and LOC are similar to what
we did for the diesel engine. In the gas mode, it is required to find
the total annual PFC and the total annual FGC. The PFC can be
calculated by adopting Eqn. (1) while the FGC can be found with
the help of Eqn. (3). The reference values for the SFOC, SLOC,
the specific pilot fuel consumption (SPFC) & SFGC are presented
in Table 8 [27]. Figure 4 illustrates the curve of SFOC-engine
load relation in the diesel mode. The curves for SFGC and SPFC
in the gas mode are plotted in Fig. 5. Table 7 reports the total
annual FOC, LOC, FGC, and PFC of the dual-fuel engine.

0 20 40 60 80 100 120
Engine load [%]

FIGURE 4: SFOC-engine load relation curve of the dual-fuel engine
in the diesel mode
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O Rk N W A U DN ® O
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Engine load [%]
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FIGURE 5: SFGC/ SPFC-engine load relation curves of the dual-fuel
engine in the gas mode

Comparing the results of the main fuel consumption from
the two engines, it can be seen from Table 5 and Table 7 that the
annual FGC of the dual-fuel engine is less than the annual FOC of
the diesel engine (1745.9 [Ton] versus 2416.8 [Ton]). The annual
operation costs are therefore heavily dependent on fuel prices.
The single most striking observation to emerge from the current
fuel price data was that unlike before when the LNG price were
lower than the MGO price, the LNG price has seen a spike for the
time being of this paper. Having an assumption that LNG price
is higher than MGO price, two fuel price scenarios were tested
as follows.

e Scenario 1: Low price differential between LNG and MGO
(110%) [32], as shown in Table 9.

— LNG price: 561.1 [€/ Ton]
— MGO price: 508.1 [€/ Ton]
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TABLE 7: The case ship’s operational profile of the dual-fuel engine

Operation Annual Speed % Power Engine SFOC Annual SLOC Annual SFGC Annual SPFC Annual
Mode Hrs [h] [Knot] [kW] Load [%] [g/kWh] FOC [Ton] [g/kWh] LOC [Ton] [g/kWh] FGC [Ton] [g/kWh] PFC [Ton]
Port 1200 0 14% 0 0 0 0 0 0 0 0 0 0
Manoeuvring 100 0 1% 873.6 18.2% 192.7 16.8 0.08 0.01 127.3 N/A N/A N/A
Engine Mode 1 300  18.8 3% 3249.667.7% 183.8 N/A 0.30 0.30 1294  126.2 5.9 5.7
Engine Mode 2 7100 159 82% 1780.837.1% 189.3 N/A 0.16 2.11 128.1 1619.8 7.8 98.9

Total 8700 16.8 242 1745.9 104.7

TABLE 8: Reference values for the SFOC, SLOC, SPFC & SFGC of the dual-fuel engine

Engine Load [%] SFOC [g/kWh] SLOC [g/kWh]

SPFC [g/kWh]

Heat Rate [kJ/kWh] SFGC [g/kWh]

100 182.7 0.45
85 180.2
75 182.5
50 187.0

4.5 7058 128.3
5.0 7138 129.8
54 7134 129.7
7.0 7076 128.7

The calorific value for LNG: 55000 [kJ/kg] is used to convert the heat rate into the SFGC

 Scenario 2: High price differential between LNG and MGO
(180%) [33], as shown in Table 10.

— LNG price: 938.3 [€/ Ton]
— MGO price: 515.8 [€/ Ton]

Table 9 and Table 10 also report the lubricant prices, the
ULSD prices which were found from [34]. The results obtained
from the operation costs of the two engines in these scenarios can
be compared in Table 9 and Table 10 respectively. In the first
scenario, the dual-fuel engine has lower annual operation cost
than the diesel engine. What is striking about the results in the
second scenario is that the annual operation cost of the dual-fuel
engine is higher than that of the diesel engine.

4.3 Maintenance costs

The labor costs for maintenance are driven by the hourly
wages and the maintenance hour consumption (i.e. time spent in
reality when on-board and ashore personnel doing maintenance
activities for each engine’s component). The maintenance activ-
ities can be divided into several groups: a) Check/ Inspect, b)
Take oil sample, c¢) Clean/ Wash, d) Maintain, e¢) Renew/ Re-
place and f) Overhaul. Most of the maintenance activities are
done when the ship is in service by the crew members while
many overhaul activities are undertaken when the ship is in dry
dock or in workshops by personnel from the engine manufacturer.
The maintenance hour consumption was obtained by conducting
questionnaires and interviews with the crew members (i.e., Chief
Engineers, Engine Officers) with at least 5-year seafaring experi-
ence.

With the assumed hourly wages of 30 [€/ hour], the results
of the maintenance costs of the engines are presented in Table 11.
The results have not included the part replacement costs yet. This
is due to the fact that getting this information is time-consuming
and there is an involvement of various departments within the en-
gine manufacturer. The maintenance costs of the LNG handling
tanks are excluded in this study.

4.4 End-of-life value

In an attempt to determine the end-of-life values of the en-
gines, information regarding the material content of the engines,
the benefits of recycling the respective materials should be ob-
tained, as presented in Table 12. The weights of the engines
are given in Table 13. The end-of-life values of the engines are
presented in Table 14.

4.5 Net present costs & evaluation

With the life cycle costs computed while considering the
chosen discount rate of 2.5% [30], the results of the corresponding
costs and the NPC in two scenarios are summarized in Table 15
and Table 16. These results are depicted in Fig. 6 and Fig. 7,
respectively. It can be seen from these results and tables that
among of the costs, the operation costs are the dominant ones.
The results also show that the NPC of the dual-fuel engine is
lower than that of the diesel engine in the first scenario. Contrary
to the first scenario, the dual-fuel engine is seen as a higher-
cost option in the second scenario when there is a high price
differential between LNG and MGO. These results indicate that
fuel prices are the most significant driver to the life cycle costs of
these engines.

As regards the environmental impact, with the help of
Eqgn. (6) and the Cg values provided in Table 17, the results
of the amount of CO, emissions emitted from the engines during
20 years of operation can be obtained, as presented in Table 18.
There is a clear environmental benefit of running the dual-fuel
engine with a CO, reduction of 33% regardless of fuel price
scenarios.

5. CONCLUSION

A sense of urgency from regulations has compelled the ship-
ping industry to opt for innovative emission reduction technolo-
gies to meet the emission targets by 2030 and 2050 respectively.
This study has compared the economic performance of the dual-
fuel engine against the conventional diesel engine with a life-cycle
perspective. The most obvious result to emerge from this study
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(a) Diesel engine

TABLE 9: Scenario 1

Item [Unit] Value
MGO price [€/Ton] 508.1
Lub price [€/Ton] 2300
MGO cost [€] 1228K
Lub cost [€] 4K
Annual operation cost [€/year] 1232K

Unit K = 1000 €

(a) Diesel engine

(b) Dual-fuel engine

TABLE 10: Scenario 2

Item [Unit] Value
MGO price [€/Ton] 515.8
Lub price [€/Ton] 2300
MGO cost [€] 1247K
Lub cost [€] 4K
Annual operation cost [€/year] 1251K

Unit K = 1000 €

TABLE 11: Maintenance costs (MTN)

Engine

Diesel engine

Dual-fuel engine

Maintenance cost

470K 513K

Unit K = 1000 €

TABLE 12: Metal material content of engines

Material Weight ratio [%] Benefits of recycling [€/kg]
Steel 16 0.25

Cast iron 80 0.25

Aluminium 2 0.7

Cooper 2 6.35

Source: Wirtsild, [29]

TABLE 13: Engine weights

Engine
Weight [Ton]
Source: [24, 28]

Diesel engine

43.6

Dual-fuel engine

58.9

TABLE 14: End-of-life values (EOL)

Engine
End-of-life value 17K
Unit K = 1000 €

Diesel engine Dual-fuel engine

22K

Item [Unit] Value
LNG price [€/Ton] 561.1
ULSD price [€/Ton] 576.8
Lub price [€/Ton] 2300
LNG cost [€] 980K
ULSD cost [€] 70K
Lub cost [€] 6K
Annual operation cost [€/year] 1055K
Unit K = 1000 €

(b) Dual-fuel engine
Item [Unit] Value
LNG price [€/Ton] 938.3
ULSD price [€/Ton] 576.8
Lub price [€/Ton] 2300
LNG cost [€] 1638K
ULSD cost [€] 70K
Lub cost [€] 6K
Annual operation cost [€/year] 1714K

Unit K = 1000 €

is that the operation costs (i.e. fuel costs in this study) have the
highest proportion of the total life cycle costs. This is in accord
with the previous study indicating that fuel costs comprise around
two-thirds of the voyage costs of a ship [35]. Having the NPC (i.e.
the present value of all the costs) as an evaluation indicator, the
results have also identified that the NPC of the dual-fuel engine
is lower than that of the diesel engine except for the high fuel
price differential scenario. Future fuel prices are unpredictable
due to the changes in demand and supply, as well as the price
volatility of underlying raw material used for production (e.g.,
crude oil and natural gas). Therefore, fuel price together with
the future global energy mix will exert tremendous impacts on
technological investments from the perspective of ship-owners.
However, running the dual-fuel engine with LNG brings flexibil-
ity to ship-owners since they can switch to ULSD under high gas
price scenarios. Furthermore, the results have shown that a CO,
reduction of 33% can be achieved when opting for the dual-fuel
engine.

Taken together, the results of this study have suggested that
the proposed LCC framework can be an useful decision-making
tool to provide a holistic picture of technological investments for
shipowners and fleet managers. The results have stressed that an
alternative with the lowest NPC may not necessarily be chosen
when other considerations (e.g. the environmental impact) are
taken into account. Other dual-fuel engine options should also be
further examined to identify the most robust options that fulfil the
needs of ship owners. Furthermore, multiple fuel price scenarios,
different discount rates and other factors that cause the uncertainty
should be simulated in the sensitivity analyses. These topics are
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TABLE 15: Cost results summary in scenario 1

Present value Diesel engine  Dual-fuel engine

Construction costs 989K 1200K
Operation costs 19209K 16450K
Maintenance costs 365K 399K
End-of-life value 10K 14K
NPC 20553K 18035K

Unit K = 1000 €

TABLE 16: Cost results summary in scenario 2

Present value Diesel engine  Dual-fuel engine

Construction costs 989K 1200K
Operation costs 19498K 26717K
Maintenance costs 365K 399K
End-of-life value 10K 14K
NPC 20842K 28303K

Unit K = 1000 €

TABLE 17: Carbon emission conversion factor Cg [1]

Type of fuel  Cp [t-CO2/t-Fuel]

MGO 3.20600
ULSD 3.15104
LNG 2.75000

TABLE 18: CO, emissions during 20 years operation of these en-
gines

Engine Diesel engine  Dual-fuel engine
Amount per 20 years [Ton] 154963 103684
Percentage reduction N/A 33%

reserved for future work.
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